MicroRNA (miRNA) maturation is initiated by Microprocessor composed of RNase III DROSHA and its cofactor DGCR8, whose fidelity is critical for generation of functional miRNAs. To understand how Microprocessor recognizes pri-miRNAs, we here reconstitute human Microprocessor with purified recombinant proteins. We find that Microprocessor is an $364 kDa heterotrimeric complex of one DROSHA and two DGCR8 molecules. Together with a 23-amino acid peptide from DGCR8, DROSHA constitutes a minimal functional core. DROSHA serves as a ''ruler'' by measuring 11 bp from the basal ssRNA-dsRNA junction. DGCR8 interacts with the stem and apical elements through its dsRNA-binding domains and RNA-binding heme domain, respectively, allowing efficient and accurate processing. DROSHA and DGCR8, respectively, recognize the basal UG and apical UGU motifs, which ensure proper orientation of the complex. These findings clarify controversies over the action mechanism of DROSHA and allow us to build a general model for pri-miRNA processing.
INTRODUCTION
MicroRNAs (miRNAs) are short non-coding RNAs of $22 nt in length, which play integral roles in post-transcriptional gene regulation in higher eukaryotes (Ameres and Zamore, 2013; Ha and Kim, 2014) . In the canonical pathway of miRNA biogenesis, a long primary transcript (pri-miRNA) is initially cleaved by RNase III DROSHA to release a short hairpin (pre-miRNA). Pre-miRNA is further cleaved by DICER near the apical loop to generate an $22 nt miRNA duplex. The duplex is loaded onto Argonaute protein (AGO), and one strand of the duplex is discarded (Kawamata and Tomari, 2010) . While AGO serves as an effector of gene silencing, miRNA acts as a guide by base pairing with its cognate mRNAs. Complementarity at positions 2-7 (relative to the 5 0 end of miRNA) is critical for functional interaction between miRNA and its targets (Bartel, 2009) . When alternative processing generates a miRNA species with an offset 5 0 end, the target gene set changes drastically. The 5 0 end of miRNA is determined at the DROSHA-processing step as DICER simply cuts at positions 22 nt away from the termini of pre-miRNA generated by DROSHA (Park et al., 2011; Tian et al., 2014; Vermeulen et al., 2005; Zhang et al., 2002) . Thus, accurate processing by DROSHA is critical for production of functional miRNAs.
DROSHA, a 159 kDa nuclear protein, consists of N-terminal proline-rich (P-rich) and arginine/serine-rich (R/S-rich) domains, a central domain (CED), and two RNase III domains (RIIIDa and RIIIDb) followed by a dsRNA-binding domain (dsRBD) (Figure 1A) . While the N-terminal domains are dispensable for primiRNA processing activity in vitro, functionally uncharacterized CED is essential for DROSHA function (Han et al., 2004) . The first and second RIIIDs interact with each other to form an intramolecular dimer and cut the 3 0 and 5 0 strands of the stem, respectively (Han et al., 2004) . Despite the critical role of DROSHA in pri-miRNA processing, it remains unknown whether and how DROSHA contributes to substrate recognition and cleavage site selection, partly due to the lack of an in vitro assay system with recombinant DROSHA protein.
DGCR8 binds to DROSHA to form a complex known as Microprocessor (Denli et al., 2004; Gregory et al., 2004; Han et al., 2004; Landthaler et al., 2004) . This 86 kDa nuclear protein consists of the N-terminal $270 amino acid region including the nuclear localization signal (NLS), the central RNA-binding heme domain (Rhed), two dsRBDs, and the C-terminal tail region (CTT) ( Figure 1A) . Deletion of the C-terminal region (residues 739-750) from DGCR8 abolishes its DROSHA-binding capacity . A fragment spanning two dsRBDs and CTT is enough to support the processing of pri-miR-16-1 , while Rhed-mediated dimerization is required for full activity of DROSHA (Faller et al., 2007; Weitz et al., 2014; Quick-Cleveland et al., 2014) . Unlike DROSHA, the recombinant protein of DGCR8 can be solubly expressed in E. coli and homogeneously purified, enabling various biochemical assays. However, it remains unknown how DGCR8 behaves in the context of Microprocessor.
Pri-miRNAs are markedly diverse in sequences, so it was enigmatic how DROSHA recognizes the substrates specifically and cleaves them precisely. It turned out that pri-miRNAs have several common structural features that are important for processing ( Figure 1B ). Pri-miRNAs adopt an imperfect stem structure of $3 helical turns, which is flanked by ssRNA segments at (A) Protein constructs used through this study. The first and last residue numbers for each construct are shown. The mutation sites are marked by ''x.'' (B) Schematic diagram of a representative pri-miRNA structure Auyeung et al., 2013) .
(C) Disaggregation of DROSHA by a short fragment of DGCR8. YFP-fused D3 was overexpressed with or without CFP-fused G1 or G2 in HEK293E cells. Total cell extract was loaded onto a TSKgel G4000SWxl (Tosoh Bioscience) gel filtration column, and the yellow fluorescent signal of D3-YFP was detected.
(D) Purity of D3-G1 complexes on SDS-PAGE. WT, TN1, TN2, and TN indicate D3-G1, D3TN1-G1, D3TN2-G1, and D3TN-G1 complexes, respectively. The asterisks show the two cleavage fragments that resulted from D3. Their identities were confirmed by mass spectrometry (data not shown).
(E) In vitro processing of pri-miR-16-1 by the purified complexes in D. The proteins (1.5 mM) and internally labeled pri-miR-16-1 were incubated for 10 min under the conditions described in the Experimental Procedures. The three products-a 5 0 -fragment, pre-miRNA, and a 3 0 -fragment-were named as F1, F2, and F3, respectively. The asterisk indicates the short fragment of RNA that was derived from the in vitro transcription.
(F) The gel filtration fractions of D3TN-G1 on SDS-PAGE. Approximately 2.0 mg of pure proteins were loaded on a Superdex 200 10/300 GL column, and 30 ml aliquots of the indicated fractions were analyzed by SDS-PAGE. The asterisks indicate the two fragments of D3 as shown in D.
(G) In vitro processing of pri-miR-16-1 by the D3TN1-G1 fractions from F. The reactions were carried out with 2 ml of the indicated fractions for 10 min. See also Figure S1 .
the base (basal segments) and a loop at the top (apical loop) . Microprocessor cleaves approximately one helical turn ($11 bp) away from the basal segments and two helical turns ($22 bp) away from the apical loop. It was initially proposed that the distance ($22 bp) from the apical loop determines the cleavage site (Zeng et al., 2005) and that the size of the apical loop affects processing efficiency (Zeng et al., 2005; Zhang and Zeng, 2010) . This proposal was made mainly based on ectopic expression of mutagenized pri-miR-30a as a main model substrate. On the other hand, when we used pri-miR-16-1 as a main substrate, we found that the distance ($11 bp) from the ''basal'' junction (the ssRNA-dsRNA junction at the base) serves as the most important determinant in cleavage site selection ; see Figure S1A for a model). The ''apical'' junction (the ssRNA-dsRNA junction at the apical loop) was dispensable for cleavage site determination, although the apical loop enhanced overall processing efficiency . More recently, Ma and colleagues examined several pri-miRNAs by ectopic expression system (Ma et al., 2013) . The results demonstrated that both apical and basal junctions influence cleavage site choice in pri-miR-150, pri-miR-122, and pri-miR-142: if either junction is re-located to alter the distance from the original cleavage site, the precision of cleavage is affected, resulting in alternative products. Different pri-miRNAs showed different degrees of dependence on the basal or apical junction (Ma et al., 2013) , but the mechanism underlying such variation remains unknown. To find further determinants of pri-miRNA processing, Bartel and colleagues generated many variants of four synthetic pri-miRNAs (pri-miR-125a, pri-miR-16-1, pri-miR-30a, and primiR-223), deep sequenced the variants following in vitro processing, and examined their enrichment over the starting variants (Auyeung et al., 2013) . This study confirmed the importance of the basal junction (and the distance from it, $11 bp) with all four pri-miRNAs. The apical junction appeared to contribute only in the context of pri-miR-125a and pri-miR-30a. The study further revealed functionally important primary sequence features such as the UG motif at the basal junction (in all four pri-miRNAs), the apical UGUG motif in the 5 0 end of terminal loop (in pri-miR-30a), and the CNNC motif at $17 nt downstream of the DROSHA cleavage site (in pri-miR-16-1, pri-miR-30a, and pri-miR-223). These studies collectively indicated that pri-miRNA recognition is a ''modular'' phenomenon in which individual sequences or structural modules contribute in varying degrees at each pri-miRNA (Auyeung et al., 2013) . Among the modules, the basal elements (basal junction, lower stem, and UG and CNNC motifs) appeared more frequently than the apical elements.
There are many important questions remaining. First, it has not been addressed how Microprocessor distinguishes the basal junction from the apical junction. Failure to discriminate the two junctions will result in a cleavage at an alternative site ($11 bp from the apical junction instead of the basal junction), cutting in the middle of miRNA sequences. This futile event has indeed been observed in vitro and has been referred to as ''abortive processing'' or ''unproductive processing,'' whereas the cleavage at the correct site is called ''productive processing'' Beisel et al., 2011) . Productive processing is usually predominant over unproductive processing. It will be interesting to understand how Microprocessor recognizes the asymmetry of pri-miRNA structure and orients itself on primiRNA.
Second, it remains unknown which parts of Microprocessor are responsible for recognizing the cis-acting elements. We previously found that a ssRNA-dsRNA junction is important for primiRNA processing and that DGCR8 binds avidly to RNA with such a junction in vitro . These observations led us to propose that DGCR8 may recognize the basal junction, while DROSHA may interact with the cleavage site and the stem region ( Figure S1A ). More recently, Guo and colleagues have shown by analyzing the interaction between purified DGCR8 and RNA in vitro that DGCR8 binds to each junction as a dimer (hence, a tetramer on each pri-miRNA) (Quick-Cleveland et al., 2014) . Although this study nicely demonstrated the importance of Rhed for the interaction with the junctional structure, it remains to be determined whether this model holds true when DROSHA is present. Another interaction study using recombinant DGCR8 indicated that DGCR8 has a low specificity and cannot distinguish its natural substrates specifically (Roth et al., 2013) , challenging the current view that DGCR8 plays a main role in substrate recognition and cleavage site selection.
Third, the stoichiometry of Microprocessor remains to be determined. It was originally shown that DROSHA and DGCR8 co-migrate in a complex with an apparent molecular weight of $600-650 kDa on gel exclusion chromatography (Han et al., 2004; Gregory et al., 2004) . However, as mobility on gel exclusion chromatography depends heavily on the shape of the molecule, this approach cannot accurately report the actual mass of the complex. It was found recently that four DGCR8 molecules together bind to one pri-miRNA molecule, suggesting that Microprocessor may contain four DGCR8 copies (Quick-Cleveland et al., 2014) . It will be important to define the stoichiometry so as to gain a better mechanistic understanding of pri-miRNA processing.
In this study, by generating the first recombinant DROSHA protein purified to homogeneity, we reconstitute Microprocessor and uncover its stoichiometry. The ensuing studies with deletional mutants reveal the roles of individual subunits and domains in the recognition of cis-acting elements of pri-miRNA. Our current work explains the mechanisms underlying accurate processing of various pri-miRNAs and allows us to propose a coherent model for pri-miRNA processing.
RESULTS

Purification of Homogeneous Recombinant Microprocessor
To dissect the action mechanism of Microprocessor, we initially tried to purify the human DROSHA protein from E. coli and baculovirus systems but failed to do so due to poor expression and heavy aggregation, respectively, even when DGCR8 was co-expressed (data not shown). We next employed a human expression system based on a HEK293E cell line, derived from human embryonic kidney, which allows large-scale suspension culture. When the DROSHA protein was overexpressed alone, it aggregated heavily in HEK293E cells as well. Interestingly, however, the aggregation was dramatically reduced when it was co-expressed with full-length human DGCR8 (data not shown), indicating that human cells support DROSHA expression and that DGCR8 is required for proper folding of DROSHA.
To define the DGCR8 domain that is responsible for the disaggregation activity, we generated and co-expressed various DGCR8 constructs with a DROSHA fragment (D3) encompassing residues 390-1365, which was previously shown to be active ( Figure 1A ) (Han et al., 2004) . The DGCR8 proteins contained a cyan fluorescence protein (CFP) tag, while DROSHA was fused to a yellow fluorescence protein (YFP). The fluorescent tags permitted us to monitor the behavior of proteins on a gel filtration column. Surprisingly, a short fragment of DGCR8 (G1) spanning only 23 residues of 728-750 was sufficient to prevent aggregation of DROSHA ( Figures 1A and 1C ). This finding finally allowed us to purify highly homogeneous and soluble DROSHA protein ( Figure 1D ).
DROSHA, but Not DGCR8, Measures the Distance from the Basal Junction to Determine the Cleavage Sites Interestingly, the purified DROSHA protein in complex with the G1 peptide (D3-G1) was capable of processing pri-miR-16-1 precisely, producing three fragments: F1, F2, and F3 ( Figure 1E , lane 2). The cleavage positions were identical to those created by the full-length DROSHA-DGCR8 complex, which are 13 nt (on the 5 0 strand) and 11 nt (on the 3 0 strand) away from the basal junction . D3-G1 cleaved accurately pri-let-7a-1 ( Figure S1B ) as well as longer pri-miR-16-1 ( Figure S1C ).
To exclude the possibility that the activity is from contamination of endogenous proteins, we purified three DROSHA mutants in complex with G1 ( Figure 1D ). The E1045Q mutant (D3TN1) carries a point mutation at the catalytic core of RIIIDa, whereas E1222Q (D3TN2) has a mutation at the RIIIDb (Han et al., 2004) . D3TN has both mutations (Heo et al., 2008; Han et al., 2009) . As expected, D3TN1 and D3TN2 made a single cut on the 5 0 and 3 0 strands, respectively, while D3TN failed to cleave any ( Figure 1E ). Thus, the observed activity is from the recombinant DROSHA protein rather than from endogenous RNase(s). We also performed gel filtration chromatography for D3TN1-G1 ( Figure 1F ) and used the fractions for pri-miRNA processing (Figure 1G) . Processing activity peaked in the fraction 25 where the D3TN1-G1 level was the highest. No detectable activity was observed in earlier fractions, which may include D3 in complex with endogenous DGCR8 (Figure 1F and 1G) . These results clearly demonstrate that the small G1 peptide is sufficient to solubilize, stabilize, and activate DROSHA.
It was unexpected that D3-G1 is sufficient to process pri-miR-16-1 and pri-let-7a-1 precisely because this result contradicts the current model (depicted in Figure S1A ). We proposed previously that DGCR8 may bind specifically to the basal junction of pri-miRNA and may thereby locate DROSHA to the cleavage site . Subsequent studies also assumed that DGCR8 is primarily responsible for cleavage site determination Sohn et al., 2007; Faller et al., 2010; QuickCleveland et al., 2014) . However, we found from electrophoresis mobility shift assay (EMSA) that the C-terminal fragments of DGCR8 (G1 and G2) do not have a detectable RNA-binding affinity, while the D3-G1 and D3-G2 complexes bind to pri-miRNA under the same condition ( Figure S2A ). Thus, our present data indicate that, without aids of RNA-binding activity of DGCR8, DROSHA may cleave pri-miRNAs at the correct sites. In other words, DROSHA alone is capable of determining the cleavage sites by recognizing and measuring the distance from the basal junction. These observations compelled us to rethink the current model.
DROSHA Preferentially Binds to a Clear ssRNA-dsRNA Junction To further find out how DROSHA interacts with the substrate, we next employed a mutant of pri-miR-16-1, pri-miR-16-1-Min, lacking the apical loop and junction (Figure 2A ). The RNA was end labeled at either the 5 0 or 3 0 strand to visualize the cleavage sites. D3-G1 cleaved the loop mutant at the canonical sites (Figure 2B ), indicating that DROSHA does not need the apical loop or apical junction to process pri-miR-16-1 and that one junctional structure is sufficient to determine the cleavage sites in primiR-16-1.
However, because pri-miRNAs normally have a somewhat symmetrical structure with junctions at both ends of a stem, Microprocessor has a problem of deciding which junction is ''basal.'' In fact, apart from productive processing (indicated with green arrowheads in Figure 2A ), Microprocessor can cleave at ''unproductive'' positions albeit infrequently (marked with purple arrowheads in Figure 2A ) . A fragment from unproductive processing (F2 0 ) of pri-miR-16-1 appeared as a 34 nt fragment in titration assays with higher amounts of D3-G1 and D3-G2 ( Figures 2C-2E ). Other fragments from unproductive processing (F1 0 and F3 0 ) were not visible possibly because they were cleaved again at the productive sites and converted into F1, F3, and $15 nt fragments (Figure 2E , lanes 1-4 and 9-12). Note that G2 has a higher affinity for DROSHA than G1 (data not shown), and D3-G2 has a stronger processing activity than D3-G1.
We also examined pri-miR-30a because it is known to produce unproductive fragments more readily than pri-miR-16-1 does . Indeed, D3-G1 (and D3-G2) cleaved mainly at the unproductive sites of pri-miR-30a ( Figure 2E ). This result suggests that the minimal Microprocessors (D3-G1 and D3-G2) are frequently mis-oriented and are not fully capable of distinguishing two junctions. When we tested pri-miR-16-1-Mut2 mimicking the basal junction of pri-miR-30a (whose basal segments are interrupted by a short duplex) (Figure 2A ), this substrate was cleaved mostly at the unproductive sites, similarly to pri-miR-30a ( Figure 2F, lanes 2-4) . Conversely, more productive processing was observed from pri-miR-30a-Mut2 mimicking primiR-16-1 (with clearly single-stranded basal segments) than from pri-miR-30a ( Figure 2F, lanes 6-8) . These results indicate that DROSHA preferably binds to a clear junctional structure with a flexible single-stranded region and thereby recognizes it as ''basal.''
DGCR8 dsRBDs Enhance Processing Efficiency
Although our results indicate that RNA-binding affinity of DGCR8 is not essential for recognition of the basal junction, the activity of minimal Microprocessor (D3-G1) was low, suggesting that fulllength DGCR8 may contribute to pri-miRNA processing beyond its role in DROSHA stabilization/activation. To address this issue, we produced longer constructs retaining dsRBDs (G3 and G4) in E. coli and purified them to homogeneity ( Figures 1A, 3A , and 3B). The G4 fragment was in both monomeric (G4) and dimeric (G4G4) forms ( Figure 3B ). We measured processing activity for pri-miR-16-Min by adding increasing amounts of G3 or G4 (monomer) into D3-G1. As G3 and G4 have a higher affinity for DROSHA than G1 does, G1 was quickly replaced by G3 or G4 ( Figure S3A and data not shown). G3 and G4 markedly enhanced processing efficiency ( Figure 3C ), which suggests that dsRBDs are required for full activity. EMSA experiments indicate that G3 may provide the complex with a high affinity for the substrate ( Figure S3B ). To further prove this point, we created a recombinant protein containing two heterologous dsRBDs from human PACT fused to the G1 peptide and tested its effect on pri-miRNA processing ( Figures 3D and 3E) . Despite low sequence identity ($25%) between dsRBDs of PACT (residues 34-194) and those of DGCR8 (residues 513-684), the fusion protein could indeed stimulate processing activity, indicating that any dsRNA-binding proteins may be able to functionally replace DGCR8 dsRBDs. Our data suggest that dsRBDs enhance RNA-binding affinity nonspecifically and thereby facilitate pri-miRNA processing.
DGCR8 Dimerization Suppresses Unproductive Processing
Although the dsRBDs enhanced processing activity, the fidelity of D3-G3 was still poor, cleaving multiple sites ( Figures S4A  and S4B , lanes 3-6). In the case of pri-miR-30a, four different sites were cleaved, and only a minor fraction of the products was derived from canonical processing. Because we previously observed that endogenous Microprocessor cleaves the same pri-miRNA mainly at the productive site , additional domains of DGCR8 may be necessary for accurate processing of pri-miR-30a.
To figure out which part of DGCR8 ensures accurate and productive processing, we reconstituted and purified the D3-G3, D3-G4 (heme-free G4 monomer) and D3-G4G4 (heme-bound G4 dimer) complexes ( Figures 4A and S4C) . Consistent with previous studies (Faller et al., 2007 (Faller et al., , 2010 Quick Cleveland et al., 2014) , the monomeric and dimeric G4 states were not interchangeable under the conditions used in our study (data not shown). Compared with D3-G3, D3-G4 cut more precisely at the canonical sites of pri-miR-30a, although it still produced a substantial amount of unproductive and alternative products ( Figures 4B, 4C, and S4D) . In contrast, D3-G4G4 cleaved almost (B) Time-course pri-miR-30a processing assay with the purified complexes in A. During 2 hr of reaction, 20 ml aliquots were withdrawn from the reaction mixtures at the indicated time points and mixed with 20 ml of TBE-Urea sample buffer (Bio-Rad) to stop the reaction. ''Alt'' indicates the alternative cleavage products.
(C) The estimated ratio of the productive-to-unproductive or the productive-to-alternative products of D3-G3, D3-G4, and D3-G4G4 on 5 0 -end-labeled pri-miR30a in Figure S4D . Log 2 of F1/F1 0 or F1/Alt was calculated from three independent experiments and plotted on the graph. The average percentages ±SEM from three independent experiments are shown. (D) Time-course pri-miR-16-1 processing assay was carried out similarly as described in B.
(E) The effect of salt concentrations on pri-miRNA processing. Pri-miR-16-1 was processed by the D3-G3, D3-G4, and D3-G4G4 complexes for 30 min with increasing concentrations (70, 100, 150, and 200 mM) of NaCl in Buffer A (see Experimental Procedures for details).
(F) Time-course processing assays of pri-miR-30a in 150 mM NaCl. Pri-miR-30a was processed by the indicated complexes in Buffer A containing 150 mM NaCl. See also Figure S4 .
exclusively at the canonical sites, producing only three prominent products: F1, F2, and F3 ( Figures 4B, 4C, and S4D ). This result indicates that DGCR8 dimerization ensures the accuracy of processing. Similar results were obtained with pri-miR-16-1 ( Figure 4D ) and in the DGCR8 titration assays with pri-miR-30a and pri-miR-16-1 (Figures S4A and S4B) . These data reveal a new role for DGCR8 dimerization in the orientation of Microprocessor. We noticed that D3-G4G4 displays much higher specificity, but the efficiency was comparable or lower than that of D3-G3 in our initial experiments at low-salt concentration (70 mM NaCl) ( Figures 4B, 4D, and S4D ). This seemed contradictory to a report that Rhed is required for efficient processing (QuickCleveland et al., 2014) . However, when we increased salt concentration in the reaction, D3-G3 and D3-G4 were suppressed, while D3-G4G4 was not affected as much ( Figure 4E ). Similarly, pri-miR-30a was cleaved most specifically and produced virtually no unproductive fragments at 150 mM ( Figures 4F and  S4E ). These results confirm that dimeric Rhed is required for accurate and efficient processing of pri-miRNA.
Microprocessor Consists of One DROSHA and Two DGCR8 Molecules
The above results strongly suggest that at least two DGCR8 molecules are contained in a fully functional Microprocessor. To determine the stoichiometry, we first carried out sedimentation and gel filtration chromatography and combined the results to estimate a molecular weight of the endogenous Microprocessor complex. HCT116 cell lysate was treated with an excessive amount of RNase A to remove RNAs associated with the complex. Subsequently, the RNase-treated cell lysates were loaded onto a glycerol gradient for the sedimentation assay or a gel filtration column for size fractionation. Co-migration of DROSHA and DGCR8 indicates the existence of Microprocessor ( Figures 5A and 5B ). When we did not treat the cell lysates with RNase A, the two proteins sedimented in the bottom fractions of glycerol gradient, indicating large complexes of DROSHA, DGCR8, and RNA ( Figure S5A) . As a control, we prepared cell lysates from DROSHA knockout (DROSHA-KO) HCT116 cell line, which was created by RGEN method (Young-Kook Kim and V.N.K., unpublished data). In the absence of DROSHA, DGCR8 was eluted in the fractions with smaller particles in both analyses ( Figures 5A and 5B) .
The molecular weight can be best estimated by the equation M = 4.205 3 S 3 Rs, where S is a sedimentation coefficient in Svedberg units, Rs is a Stokes radius in nanometer, and M is a molecular weight in Dalton (Erickson, 2009 ). The Stokes radius of the complex is obtained from gel filtration experiment ( Figure 5C ), while the sedimentation coefficient is calculated from sedimentation experiments ( Figure 5D ) by comparing the fractionation position of the target protein relative to those of standard size markers. The estimated molecular weight of the DROSHA-DGCR8 complex was $364 (±25) kDa, which is close to the theoretical weight (331 kDa) of one DROSHA protein (159 kDa) plus two DGCR8 proteins (2 3 86 kDa). Considering the known post-translational modifications that may add some extra mass to the complex (Ha and Kim, 2014) , it is likely that Microprocessor consists of one DROSHA and two DGCR8.
Next, we questioned how many DROSHA and DGCR8 molecules bind to a single pri-miRNA. To address this question, we performed three-color single-molecule fluorescence experiments ( Figure 5E ). Pri-miR-16-1 was first immobilized on a polymer-coated surface through base-pairing with a biotinylated DNA adaptor labeled with Cy5. DROSHA (D3TN fused to mCherry) and DGCR8 (G4 fused with sfGFP) were introduced into the detection chamber. The interactions between DROSHA, DGCR8, and pri-miRNA were monitored in real time by detecting the appearance of fluorescence signals on the surface. Since the photobleaching of fluorescent protein is a discrete process, we could determine the number of proteins associated with a single pri-miRNA by counting the number of photo-active sfGFP or mCherry.
In the absence of DROSHA, we observed the formation of stable complexes of pri-miRNA and G4G4 (or G4) through multiple successive bindings of G4G4 (or G4) (Figures 5F, 5G, and S5B). We found that the numbers of photo-active sfGFP range from one to six, but four were most frequently observed ( Figures 5H  and S5C ). These results indicate that DGCR8 can associate with pri-miR-16-1 in a wide range of stoichiometry and that tetramer is likely to be the most frequent form, supporting the findings by Guo and colleagues (Quick-Cleveland et al., 2014) .
However, in the presence of DROSHA (D3TN), two molecules of G4 were detected most frequently ( Figures 5I and 5J) . In case the two-step photobleaching was not clearly seen due to the dissociation of the complex from the RNA before photobleaching, we counted the number of G4 on pri-miRNA by comparing the green fluorescence intensity with of G4-sfGFP with that of a single sfGFP ( Figure S5D ). The number was counted only when both mCherry (DROSHA) and sfGFP (DGCR8) signals were simultaneously detected. Notably, the mCherry and sfGFP signals appeared simultaneously in most cases, suggesting that D3TN and G4G4 form a stable complex prior to RNA binding ( Figure 5I ).
It is known that not all GFP molecules are fluorescent because of either misfolding or incomplete maturation of the protein (Coralli et al., 2001; Pé delacq et al., 2006) . Histograms of the observed numbers of photo-active sfGFP were well fitted with a binomial distribution with the limited GFP efficiency when n = 2 is applied ( Figure 5J ). Thus, two molecules of G4-sfGFP may indeed associate with pri-miR-16-1 and DROSHA. In the case of mCherry, two-step bleaching was not observed, indicating that there is a single DROSHA molecule on a pri-miR-16-1. Taken together, a Microprocessor complex contains one DROSHA and two DGCR8 molecules.
DROSHA Requires the Basal UG Motif for Productive Processing
To further understand whether and how DROSHA and DGCR8 recognize the primary sequence features of a pri-miRNA, we searched for sequence motifs enriched in human pri-miRNAs ( Figures S6A and S6B) . Among di-nucleotide motifs, ''UG'' at the basal junction (at positions À14 and À13) was the most prominent ( Figure S6B, top) , consistent with the previous report (Auyeung et al., 2013) . Out of three nucleotide sequences, we found ''UGU'' at the apical junction (at positions +22 through +24), which is similar to the motifs detected by Auyeung (H) Binomial probability densities (number of trial, n = 2, 4, and 6; probability of success for each trial, p = 0.85) are compared with the sfGFP number histogram (gray box) of G4G4 on pri-miR-16-1. (I) Representative fluorescence intensity time trace of sfGFP (green), mCherry (red), and Cy5 (black). The sfGFP-G4G4 (2.5 nM) and D3TN-mCherry (20 nM) were injected into the detection chamber at 6 s (dashed line).
(J) Binomial probability densities (number of trial, n = 2, 4, and 6; probability of success for each trial, p = 0.85) are compared with the sfGFP number histogram (gray box) of G4G4 with D3TN in their binding events to pri-miR-16-1. See also Figure S5 .
and colleagues (Auyeung et al., 2013) . ''GUG'' appeared less frequently than ''UGU'' ( Figure S6B, bottom) . ''CUG'' and ''UUG'' at the basal junction were also detected, which reflects the strong enrichment of the di-nucleotide ''UG.'' Searches for tetra-nucleotides did not reveal any significant motifs.
To test the significance of the sequence features, we created RNA variants with mutations in the basal UG and apical UGU motifs. We first generated a mutant pri-miR-16-1 lacking the basal UG, pri-miR-16-1DUG ( Figure 6A ). With both D3-G2 and D3-G4G4, the processing efficiency of this mutant RNA was lower than that of WT substrate ( Figure 6B ). Because even D3-G2 can distinguish the two substrates, this result implies that DROSHA, rather than DGCR8, may directly recognize the UG motif.
We also tested a mutant, pri-miR-16-1aUG, in which the UG motif is located at the apical junction ( Figure 6A ). Interestingly, Microprocessor cleaved the aUG substrate at the unproductive sites ( Figure 6C ), indicating that the UG motif can recruit DROSHA, thereby changing the orientation of the complex. It is noted, however, that productive processing was still more efficient than unproductive processing ( Figure 6C ), indicating that the clear basal junction (with flexible ssRNA basal segments) may be a more important determinant than the UG motif.
To confirm our conclusion, we generated two artificial substrates that are identical to each other except for the UG motif at the basal junction ( Figure 6D ). The substrate with UG was cleaved more frequently at the productive site ( Figure 6E , lanes 2 and 3), while the RNA lacking UG was cleaved at both sites comparably (lanes 8 and 9) . Thus, the UG motif is indeed important for productive processing. As D3-G2 can distinguish the +UG substrate from the DUG substrate, the result suggests that DROSHA (rather than DGCR8) may interact with the basal UG motif. Furthermore, with another set of artificial substrates ( Figure 6F ), the D3-G2 complex favored the junction with a UG motif ( Figure 6G) . Thus, the basal UG motif may indeed recruit DROSHA to facilitate productive processing.
DGCR8 Recognizes the Apical UGU Motif
The role of the apical UGU motif was examined by mutagenesis in pri-miR-30a (pri-miR-30aDUGU) ( Figure 7A ). An additional substitution of C to U in the loop was to maintain the loop structure ( Figure S7A ). Interestingly, D3-G2 was unable to discriminate wild-type from the DUGU mutant ( Figures 7B and S7B , lanes 1-8), and neither was D3-G3 ( Figure S7C ). By contrast, D3-G4G4 acted on two substrates differentially; it cleaved the wild-type RNA mainly at the productive site, while it cut the DUGU mutant at both sites ( Figures 7B and S7B, lanes 9-16) . Thus, DGCR8 (G4G4) recognizes and depends on the UGU motif for productive processing.
To further validate our model, we generated artificial substrates with or without the UGU motif ( Figure 7C ). D3-G2 and D3-G3 cleaved both productive and unproductive sites regardless of the UGU motif ( Figures 7D, lanes 1-6, and S7D ). However, D3-G4G4 cut almost exclusively at the productive sites in the presence of UGU ( Figure 7D, lanes 8 and 9) , while it processed often unproductively in the absence of UGU ( Figure 7D , lanes 11 and 12). Of note, when GUG was introduced into the loop instead of UGU, the fidelity of processing was only modestly enhanced ( Figures S7E and S7F) , suggesting that DGCR8 interacts with UGU more avidly than with GUG.
Finally, we employed a ''symmetric'' substrate that has junctions identical to each other except for the UG and UGU motifs ( Figure 7E , 4AB+UG/UGU). The second substrate is the same as the first one except for the swapped positions of the UG and UGU motifs ( Figure 7E , 4AB+UGU/UG). The substrate with a basal UG and an apical UGU was cleaved at the productive site, while the swapped substrate was processed by D3-G4G4 at the unproductive site ( Figure 7F ). D3-G2 and D3-G3 were also capable of distinguishing two substrates, but the specificity was lower than that of D3-G4G4 ( Figures S7G and S7H) , consistent with the contribution of DROSHA in recognition of UG ( Figure 6 ) and that of DGCR8 Rhed in detection of UGU ( Figures  7A-7D ). Taken together, the UG and UGU motifs may serve as landmarks for DROSHA and DGCR8, respectively, so as to allow Microprocessor to unerringly orient itself on pri-miRNAs (Figure 7G for the model).
DISCUSSION
Our current study provides mechanistic understanding of how Microprocessor interacts with its substrates to ensure the fidelity of pri-miRNA processing. We find that Microprocessor is a complex of $364 kDa composed of one DROSHA molecule and a DGCR8 dimer ( Figure 7G ). DROSHA binds preferentially to a clear junctional structure between dsRNA and ssRNAs. DROSHA also interacts with the UG motif located at the basal junction. DGCR8, on the other hand, plays multiple roles by binding and stabilizing DROSHA (using the C-terminal tail or CTT), interacting with the stem (via its dsRBDs), and specifically recognizing the apical UGU motif (through the Rhed).
This model ( Figure 7G ) is markedly different from the previous ones ( Figure S1A ) in several aspects. First, while previous models proposed that DGCR8 interacts with both junctions Quick-Cleveland et al., 2014) , we here identify DROSHA as the subunit that recognizes the basal junction. The D3 fragment can precisely cleave pri-miR-16-1 and pri-let-7a-1 when D3 is stabilized by the CTT (minimally, only a 23 aa fragment that cannot interact with RNA). Thus, DGCR8 is dispensable for basal junction recognition and stem length measurement per se. As long as properly folded, DROSHA alone can act as a functional core of Microprocessor albeit at low efficiency. Thus, DROSHA serves not only as a catalytic subunit, but also as a ''molecular ruler'' that measures the distance (11 bp) from the basal junction.
Second, we find that DGCR8 recognizes the apical elements. Thus, unlike the previous models in which DGCR8 covers both basal and apical junctions Quick-Cleveland et al., 2014) , our data suggest that a DGCR8 dimer contacts only the apical stem and junction. The UGU motif may reinforce the interaction between the apical junction and DGCR8. DROSHA may be located on one end of the elongated complex contacting the basal side of the hairpin, while a DGCR8 dimer may be located on the apical side. Third, this model provides an explanation for how unproductive processing is avoided. Our data indicate that Microprocessor interacts with multiple cis-acting elements to ensure productive processing. Structural features (such as a relatively clear junctional structure on the basal side) as well as primary sequence features (such as UG and UGU) contribute to Microprocessor binding in one specific orientation. DROSHA anchors at the basal elements, while DGCR8 recognizes the apical elements. The UG and UGU motifs interact with DROSHA and were processed by the indicated protein complexes, and the reactions were stopped at the indicated time points. Reaction salt concentrations for D3-G2 and D3-G4G4 are 70 and 100 mM, respectively. F1 0 and F1 from the unproductive and productive processing, respectively, are detectable.
(D) The Set 1 artificial substrates are represented as in A.
(E) Processing of the Set 1 substrates. Two substrates with and without the UG motif (red letters) were processed with 0.25 mM of D3-G2 at 70 mM NaCl and 15 nM of D3-G4G4 at 100 mM NaCl.
(F) The Set 2 artificial substrates are represented as in A.
(G) Processing of the Set 2 artificial substrates by D3-G2. Two substrates with and without the UG motif were processed by D3-G2 at 70 mM NaCl. See also Figure S6 . (B) Processing of pri-miR-30aDUGU by D3-G2 and D3-G4G4. Pri-miR-30a (WT) and pri-miR-30aDUGU (DUGU) were processed by D3-G2 at 70 mM NaCl and D3-G4G4 at 100 mM NaCl. DGCR8, respectively, and thereby confer asymmetry to the otherwise symmetric ''junction-stem-junction'' structure. This study further provides mechanistic explanations to the previous discrepancies over the mechanism underlying cleavage site determination. The ''upper stem measuring'' model was mainly based on experiments with pri-miR-30a (Zeng et al., 2005) , while the ''lower stem measuring'' model was based primarily on data from pri-miR-16-1, pri-miR-23a, and an artificial duplex . Later studies with multiple pri-miRNAs have shown that the distances from both apical and basal junctions influence cleavage site determination, although the lower stem plays a dominant role in most substrates tested (Ma et al., 2013; Auyeung et al., 2013) . Our current data are consistent with all of these observations and offer a comprehensive mechanistic model. Pri-miR-16-1 possesses a basal junction with two critical features: the UG motif and a clear junction flanked by two long single-stranded RNA segments ( Figure 2A ). Its apical junction, however, does not have the UGU motif for recognition by DGCR8. Therefore, the basal junction of pri-miR-16-1 is strong enough to ensure precise processing. Unlike pri-miR-16-1, the basal junction of primiR-30a cannot effectively recruit DROSHA because the basal segments are interrupted by a short stem (Figure 2A) . Instead, its apical junction contains the UGU motif, which can attract DGCR8. This may explain why pri-miR-30a processing is dependent heavily on DGCR8 while pri-miR-16-1 is less sensitive to DGCR8 (Figure 4 ). In line with an earlier proposal (Auyeung et al., 2013) , pri-miRNA recognition is ''modular'' and dependent on multiple determinants (modules). Each primiRNA relies on individual determinants to varying degrees. The current study reveals multiple parts of Microprocessor interacting with individual structural/sequence features. It will be of great interest to solve the structure of Microprocessor in complex with pri-miRNA so as to reveal the atomic details of the specific interactions.
EXPERIMENTAL PROCEDURES
Recombinant Proteins
The recombinant proteins were prepared as described in the Supplemental Experimental Procedures.
Processing Assay
The processing assay was carried out at 37 C in 20 ml of ''Buffer A'' containing 50 mM Tris-HCl (pH 7.5), 70 mM NaCl, 10% glycerol, 0.2 mg/ml BSA, 1 mM DTT, and 2 mM MgCl 2 . Approximately 10,000 cpm of RNA substrates was used, and the enzyme concentrations and the incubation time were indicated in the figures. The reaction was stopped by adding 20 ml of TBE-Urea sample buffer (Bio-Rad) and immediately chilling on ice. Finally, the mixture was heated at 95 C for 10 min and quickly chilled on ice before loading onto 10% Urea-PAGE with RNA size markers (Decade Marker, Ambion).
Preparation of the RNA Substrates
The DNA templates for in vitro transcription of the substrates were prepared by PCR. The template and primer pairs for transcription are presented in Table  S2 . MEGAscript T7 Kit (Ambion) was used for the in vitro transcription. The internal substrates were labeled with [a-32 P] UTP, while 5 0 -end-labeled substrates were labeled with [g-32 P] ATP as described previously . For the artificial substrates of +UGU, +GUG, DUGU, 4AB+UG, 4ABDUG, 4AB+UG/UGU, and 4AB+UGU/UG, the corresponding template was chemically synthesized and cloned in a plasmid (IDT or GeneArt). The plasmid was linearized by NsiI digestion at the 3 0 end of the template before the in vitro transcription of the RNA substrate (Table S3) .
Glycerol Gradient Sedimentation Analysis
The human cell lysates or size marker proteins were prepared and fractionated in 12.5%-35% glycerol gradient. The antibodies for DROSHA and DGCR8 are ab12286 (Abcam) and the polyclonal anti-DGCR8 (lab-made), respectively (see Supplemental Experimental Procedures for details).
Gel Filtration Analysis
The cell extract sample or size marker proteins (500 ml) used for the glycerol gradient experiment were loaded on a Superdex 200 10/300 GL column. The 250 ml fractions were analyzed by western blotting.
Single-Molecule Experiment
The single-molecule experiment procedure was described in the Supplemental Experimental Procedures. 
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